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Recently,  compliant  sealing  glass  has  been  proposed  as  a  potential  candidate  sealant  for  solid  oxide 
fuel  cell  (SOFC)  applications.  In  a  previous  paper,  the  thermal  stability  and  chemical  compatibility  were 
reported  for  a  compliant  alkali-containing  silicate  glass  sealed  between  anode  supported  YSZ  bi-layer 
and  YSZ-coated  stainless  steel  interconnect.  In  this  paper,  we  will  report  the  electrical  stability  of  the 
compliant  glass  under  a  DC  load  and  dual  environment  at  700-800 °C.  Apparent  electrical  resistivity 
was  measured  with  a  4-ponit  method  for  the  glass  sealed  between  two  plain  SS441  metal  coupons  or 
YSZ-coated  aluminized  substrates.  The  results  showed  instability  with  plain  SS441  at  800  °C,  but  stable 
behavior  of  increasing  resistivity  with  time  was  observed  with  the  YSZ  coated  SS441.  In  addition,  results 
of  interfacial  microstructure  analysis  with  scanning  electron  microscopy  will  be  correlated  with  the 
measured  resistivity  results.  Overall,  the  YSZ  coating  demonstrated  chemically  stability  with  the  alkali- 
containing  compliant  silicate  sealing  glass  under  electrical  field  and  dual  environments. 
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1.  Introduction 

Sealing  for  solid  oxide  fuel  cells  (SOFCs)  remains  a  major 
challenge  to  advancing  this  emerging  technology.  To  have  SOFCs 
perform  at  high  efficiency,  hermetic  seals  or  seals  with  low  leakage 
are  the  first  critical  requirement.  The  requirement  becomes  more 
daunting  when  multiple  tens  (e.g.,  ~50-~100)  of  repeating  cells 
are  stacked  together  with  alternating  coated  metallic  interconnect 
plates  to  reach  reasonable  power  levels  in  the  kW  range.  SOFC  seal¬ 
ing  is  complicated  by  the  fact  that  there  are  different  seal  locations 
(perimeter,  cell  to  window  frame,  and  end  plate),  different  mating 
materials  (electrolyte  and  coated  metallic  interconnect),  different 
temperatures  and  stress  levels  (transient,  steady-state,  and  vibra¬ 
tion),  and  dual  oxidizing  and  reducing  environments  [1-10].  The 
sealant  or  sealants  must  meet  the  thermal,  mechanical,  physical, 
chemical,  but  also  the  electrical  requirements.  For  glass  seals,  the 
challenges  lie  not  only  in  the  bulk  properties,  but  also  in  establish¬ 
ing  stable  sealing  interfaces  without  forming  undesirable  phases 
over  long  periods  of  time  (up  to  40,000  h). 

The  majority  of  SOFC  glass  seal  research  and  development  activ¬ 
ities  are  focused  on  glass-ceramic  approaches  in  which  the  initial 
glass  devitrifies  into  a  rigid  or  semi-rigid  glass-ceramic  mixture 
after  the  sealing  processes  [11-21].  Glass  systems  of  alkaline  earth- 
based  aluminosilicate  glasses  have  been  extensively  studied  with 
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regard  to  the  physical  properties  [11,20],  crystallization  kinet¬ 
ics  and  the  influence  of  nucleating  agents  [14],  formulation  and 
thermal  properties  [15,17-19],  chemical  compatibility  with  vari¬ 
ous  SOFC  components  [12,13,16,21].  Other  systems  of  composite 
glass  [22-24]  and  phosphate  glass  [25]  have  also  been  investi¬ 
gated.  Recently,  a  different  approach  based  on  compliant  glass 
was  proposed  for  SOFC  application  [5,26].  The  compliant  glass, 
as  contrary  to  conventional  glass-ceramics,  is  intended  to  remain 
vitreous  without  substantial  crystallization,  thereby  retaining  the 
softening  or  compliant  behavior  after  sealing.  As  a  result,  this  non- 
rigid  behavior  would  relieve/reduce  residual  stresses,  if  any.  In 
addition,  should  cracks  form  during  cooling  to  room  temperature 
they  may  heal  upon  re-heating.  Crack  healing  has  been  observed 
in  glasses  at  elevated  temperatures  [5,27,28].  However,  the  ability 
to  maintain  a  vitreous  state  without  crystallization  at  SOFC  oper¬ 
ation  conditions  over  the  long  periods  of  time  remains  unknown. 
In  our  earlier  work,  an  alkali-containing  (K  +  Na  ~1 7  mol%)  compli¬ 
ant  silicate  sealing  glass  was  studied  in  simple  thermal  cycling  and 
isothermal  ageing  tests  at  elevated  temperature  sealed  between 
YSZ  electrolyte  and  aluminized  SS441  metal  substrate  [26].  Results 
showed  minimum  reaction  at  YSZ  and  alumina  interfaces,  demon¬ 
strating  the  desired  chemical  compatibility.  As  mentioned  earlier, 
the  sealing  glass  must  also  satisfy  electrical  insulation  require¬ 
ments  for  SOFC  application,  not  just  the  hermeticity.  Given  the 
fact  that  alkali  ions  are  considered  charge  carriers  for  binary  sil¬ 
icate  glass,  there  is  a  need  to  investigate  the  electrical  stability 
of  the  current  alkali-containing  silicate  glass.  In  this  paper,  we 
will  present  electrical  stability  test  results  in  terms  of  apparent 
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resistivity  versus  temperature  for  the  compliant  glass  sealed 
between  two  ferritic  stainless  steel  (SS441 )  metal  substrates  under 
DC  loading  in  dual  environment.  Both  plain  and  YSZ-coated  metal 
substrates  were  being  tested.  Of  particular  interest  is  the  chemical 
compatibility  of  the  glass  with  SOFC  components  such  as  YSZ  elec¬ 
trolyte  and  metallic  interconnect  under  an  electrical  field.  Results 
of  post-mortem  microstructure  and  interfacial  analysis  will  be  dis¬ 
cussed  to  assess  the  suitability  of  the  compliant  glass  approach  for 
SOFC  applications. 

2.  Experimental 

2.1.  Chemical  composition  and  thermal  properties 
characterization 

The  glass  under  study  is  a  commercial  alkali  silicate  glass 
(SCN-1,  SEM-COM,  Toledo,  OFI).  The  silicate  glass  contains  alka¬ 
line  earths,  mainly  BaO  (8.23  mol%)  and  CaO  (3.34  mol%),  alkalis  of 
I<20  (10.0  mol%)  and  Na20  (7.3mol%),  A1203  (2.8mol%),  and  some 
impurities  (less  than  1%)  of  Fe,  Mg  and  Ti.  The  glass  has  a  rela¬ 
tively  low  transition  temperature  of  468  °C  and  softening  point  of 
540  °C.  The  glass  transition  and  softening  points  increased  slightly 
to  486  °C  and  600  °C,  respectively,  after  three  heating  and  cooling 
thermal  cycles.  The  average  coefficient  of  linear  thermal  expan¬ 
sion  (CTE)  was  determined  to  be  ~1 1  x  1 0_6/°I<.  The  details  of  glass 
composition  and  thermal  characterization  are  given  in  Ref  [26]. 

2.2.  Sample  preparation  and  coupon  sealing 

A  ferritic  stainless  steel,  SS441  (ATI  Allegheny  Ludlum,  Pitts¬ 
burgh,  PA),  was  selected  for  electrical  stability  tests.  SS441  is  a 
leading  candidate  for  SOFC  interconnect  material  due  to  its  good 
oxidation  resistance,  matching  CTE  with  ceramic  parts,  the  forma¬ 
tion  of  a  conductive  oxide  scale,  and  reasonably  low  cost.  The  metal 
has  a  nominal  composition  of  Cr  ( 1 8%  in  wt%),  Nb  (0.5%),  Mn  (0.35%), 
Si  (0.34%),  Ni  (0.3%),  Ti  (0.22%),  and  traces  (<0.05%)  of  Al,  P,  S,  N,  and 
C  [4].  Two  metal  coupons  were  sealed  with  each  other  with  glass  to 
form  a  test  sample.  The  metal  coupons  were  of  square  shape;  one 
was  50  mm  x  50  mm  x  1  mm  with  a  central  hole  of  6.4  mm  diam¬ 
eter,  while  the  other  one  was  25  mm  x  25  mm  x  1  mm.  The  metals 
were  tested  either  in  the  as-received  state  or  coated  with  YSZ 
and  A1203.  For  SOFC  application,  the  ferritic  stainless  steel  SS441 
requires  a  protective  coating  to  prevent  cathode  poisoning  due  to 
Cr  volatility,  and  seal  degradation  by  forming  chromates  with  very 
high  CTEs  if  the  sealing  glass  contains  alkaline  earths  (e.g.,  Ba  and 
Sr)  [9,19,29].  In  this  study  we  have  adopted  a  novel  reactive  air 
aluminizing  coating  process  involving  ultrasonic  spraying  of  SS441 
substrates  with  a  mixture  of  Al  powders  in  a  binder  solution,  fol¬ 
lowed  by  drying  and  oxidizing  at  1000°C  for  1  h  in  air  [30].  After 
the  aluminization  process,  the  metal  coupon  was  further  coated 
with  YSZ  powders  a  few  times  using  the  ultrasonic  sprayer  (Model 
Prism-350,  USI,  Flaverhill,  MA).  The  sample  was  then  heat  treated  at 
1 000  °C  for  1  h  in  air.  To  prevent  the  low  viscosity  sealing  glass  from 
potential  spreading,  two  square  phlogopite  mica  rings  (~225  p,m 
thick)  with  different  sizes  were  cut  from  commercial  mica  papers. 
Test  specimens  were  prepared  by  applying  the  glass  paste  between 
the  two  mica  square  rings  on  the  large  metal  coupon  (Fig.  1A)  fol¬ 
lowed  by  application  of  the  small  coupon.  After  drying  at  70  °C,  the 
specimens  were  slowly  heated  to  550  °C  for  2  h  to  remove  organic 
binders  in  air.  They  were  then  fired  to  800  °C  for  2  h  for  final  sealing 
under  a  compressive  load.  After  cooling  to  room  temperature,  the 
joined  metal  couples  (Fig.  IB)  were  tested  for  leakage  by  applying  a 
small  amount  iso-propanol  in  the  central  cavity  to  observe  any  pen¬ 
etration  of  the  alcohol  to  the  other  side.  All  joined  couples  used  in 
electrical  stability  tests  showed  no  alcohol  penetration,  indicating 
a  hermetic  seal. 


Fig.  1.  Optical  micrograph  showing  the  sample  preparation  for  coupon  sealing.  (A) 
Glass  paste  (white)  applied  between  two  mica  square  rings  (dark  green)  on  plain 
SS441  substrate  with  a  central  hole,  and  (B)  test  coupon  after  800  °C  for  2  h  sealing. 
(For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  the  article.) 


2.3.  Electrical  stability  test  in  dual  environment  and 
characterization 

A  schematic  drawing  of  the  electrical  stability  test  is  shown 
in  Fig.  2,  detailing  the  perimeter  seal,  the  gas  chamber,  and  the 
electrical  connections.  A  hybrid  mica  seal  with  Ag  interlayers  was 
used  as  the  perimeter  seal,  which  demonstrated  long-term  stabil¬ 
ity  up  to  28,366  h  at  800  °C  as  well  as  stability  over  1000  thermal 
cycles  [31].  Four  Pt-wires  were  spot-welded  onto  the  sealed  cou¬ 
ples,  two  on  the  smaller  central  square  and  two  on  the  larger  square 
but  on  the  opposite  side.  A  DC  load  of  0.8  V  was  applied  with  a 
commercial  power  supply  (Agilent  E3632A,  Santa  Clara,  CA)  on  the 
sample.  A  resistor  was  also  connected  in  series  to  measure  the  cur¬ 
rent  through  the  voltage  drop  with  a  multimeter  (Aligent  34970A, 
Santa  Clara,  CA).  Three  temperatures  were  chosen  for  the  electri¬ 
cal  stability  tests:  700,  750,  and  800  °C.  The  samples  were  exposed 
to  dual  environment  where  a  reducing  gas  (5%  H2  in  N2  with  ~3% 
FI20)  was  flowing  inside  the  test  fixture  and  the  other  side  was 
exposed  to  ambient  air.  After  the  test,  the  samples  were  character¬ 
ized  with  optical  microscopy.  Some  of  the  samples  were  also  epoxy 
mounted,  sectioned,  and  polished  for  interfacial  characterization 
using  scanning  electron  microscopy  (SEM)  and  energy  dispersive 
spectroscopy  (EDS)  (JEOL  SEM  model  5900LV). 
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5%H2  in  5%H2  out 


Fig.  2.  Schematic  drawing  showing  the  electrical  stability  test  set-up.  Note  the  sam¬ 
ple  resistance  was  calculated  based  on  voltage  drop  across  a  known  resistor  in  series 
with  the  sample,  and  the  tubing  for  incoming  and  outgoing  reducing  gas  (5%H2)  is 
also  used  for  leak  testing  with  high  purity  helium  at  elevated  temperatures. 

3.  Results  and  discussion 

3.1.  Electrical  stability  test  of  compliant  glass  with  plain  SS44 1 
substrates 

Fig.  3  shows  the  electrical  stability  results  of  the  compliant  seal¬ 
ing  glass  with  as-received  SS441  substrates  in  terms  of  apparent 
electrical  resistivity  versus  time  at  various  temperatures.  In  this 
work  “apparent”  resistivity  was  used  since  the  measured  resistance 
included  not  only  the  resistance  of  the  compliant  glass  but  also  the 
resistance  of  the  SS441  substrates  and  oxide  scales,  as  well  as  poten¬ 
tial  interfacial  phases  formed  between  the  glass  and  metal.  Ferritic 
stainless  steels  are  known  to  form  a  conductive  oxide  scale  upon 
oxidation.  The  scale  is  composed  of  a  primary  continuous  Cr203 
layer  and  a  discrete  thin  (Mn,  Cr)  mixed  oxide  [9].  As  a  result,  the 
resistance  contribution  from  the  two  SS441  substrates  and  two 
oxide  scales  can  be  neglected,  and  the  measured  resistivity  was 
attributed  to  the  compliant  glass,  since  interfacial  phases  were  not 
determined  yet.  From  Fig.  3,  it  is  evident  that  the  compliant  glass  did 
not  have  the  desired  electrical  stability  at  higher  temperatures  of 
750  and  800  °C,  while  it  showed  steady  behavior  at  700  °C.  For  sam¬ 
ples  at  750  and  800  °C,  the  apparent  resistivity  increased  initially 
till  ~220h,  then  started  decreasing  till  ~250h,  and,  after  rapidly 
decreasing  at  around  350  h,  remained  fairly  constant  till  ~500h. 


SCN  glass  with  as-received  SS441  @0.8V  ♦  gooc 


hrs 


Fig.  3.  Electrical  stability  test  of  SCN-1  glass  with  as-received  SS441  substrate  under 
a  DC  load  of  0.8  V  at  elevated  temperatures  with  flowing  reducing  gas  (5%H2  in  N2). 


stability  of  YSZ  coated  aluminized  SS441 


hours 


Fig.  4.  Electrical  stability  test  of  SCN-1  glass  with  YSZ  coated  aluminized  SS441 
substrate  under  a  DC  load  of  0.8  V  at  elevated  temperatures  with  flowing  reducing 
gas  (5%H2  in  N2). 

Similar  unstable  resistivity  behavior  versus  ageing  time  was  also 
reported  for  Ba-Ca-Si  glass  with  small  additives  of  (Al,  B-,  Zn,  V, 
and  Pb)  as  well  as  the  G18  glass  [12,32].  The  drastic  drop  in  resis¬ 
tivity  for  the  sample  tested  at  800  °Cat  ~200  h  (from  ~1 000  Q,  m  to 
~1  £2  m)  is  not  clear.  This  is  likely  due  to  connection  issues  since  the 
resistivity  reversed  to  the  original  values  after  that  short  period  of 
time.  Nonetheless,  the  compliant  glass  did  show  the  typical  tem¬ 
perature  dependence  behavior  as  common  silicate  glasses  or  oxides 
in  that  the  resistivity  decreased  as  temperature  increased. 

It  is  interesting  to  note  that  the  apparent  resistivity  of  the 
compliant  alkali-containing  silicate  glass  was  lower  than  the  typ¬ 
ical  refractory-type  sealing  glass  which  crystallizes  rapidly  after 
initial  sealing  process.  For  example,  the  apparent  resistivity  of  a 
refractory  Sr-Ca-Y-B-Si  sealing  glass  after  ageing  for  500  h  was 
~1.54  x  105  £2  m  at  750°C  and  ~3.21xl04£2m  at  800°C  [32], 
while  the  resistivity  of  the  compliant  glass  after  ageing  for  ~400  h 
was  ~50£2 m  (800°C),  1.9xl03£2m  (750°C),  and  7.14xl04£2m 
(700  °C).  This  is  not  surprising  since  the  compliant  glass  does  not 
crystallize  substantially  and  remains  fairly  vitreous.  In  addition,  the 
glass  contains  appreciable  amount  of  alkalis  (~17  mol%)  which  are 
considered  charge  carriers  for  typical  binary  alkali-silicate  glasses. 
One  can  estimate  the  activation  energy  for  electrical  conduction 
of  the  compliant  glass  using  the  Arrhenius  plot  of  ln(l /resistivity) 
versus  1/T(°K).  The  calculated  activation  energy  was  ~630  kj  mol-1 
for  data  at  ~400h,  and  ~4401<Jmol-1  for  data  at  ~300h.  The 
activation  energy  of  electrical  conduction  for  a  typical  refractory 
(non-crystallizing)  alkaline-earth  silicate  sealing  glass  was  found  to 
be~230kjmol-1  [32],~110kjmol-1  for  fused  silica,  ~1 40  kj  mol-1 
for  CaO-Si02,  and  ~3101<J  mol-1  for  98%  polycrystalline  magnesia 
[33,34].  The  fact  that  the  activation  energy  is  not  constant  with 
time  and  very  high  values  are  obtained  suggests  microstructure 
evolution  as  well  as  compositional  change  within  the  current  com¬ 
pliant  glass.  Indeed,  the  glass  microstructure  did  crystallize  and 
some  foreign  elements  were  identified,  as  discussed  in  the  next 
sections. 

3.2.  Electrical  stability  test  of  compliant  glass  with  YSZ  and  AI2O3 
coated  SS441  substrates 

Fig.  4  shows  the  apparent  resistivity  of  the  compliant  glass 
with  the  YSZ  coated  aluminized  SS441  substrates  at  various  tem¬ 
peratures.  Clearly,  the  glass  appears  to  be  stable  without  the 
short-circuiting-like  behavior  observed  in  Fig.  3  for  800  °C  data. 
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The  apparent  resistivity  showed  a  gradual  increase  with  time  for 
all  three  temperatures  tested,  with  more  increase  in  the  begin¬ 
ning  ~100h,  similar  to  a  refractory  alkaline  earth  sealing  glass 
[32].  The  resistivity  values  at  ~400  h  were  6.46  x  104  £2  m  (800  °C), 
1.05  x  105  £2  m  (750  °C),  and  3.41  x  105  £2  m  (700  °C),  much  higher 
than  those  for  plain  SS441  substrates  (Fig.  3).  As  mentioned  in 
the  experimental  section,  the  SS441  metal  substrate  was  first  alu¬ 
minized;  in  this  process  the  substrate  was  heat-treated  at  1000°C 
1  h  in  air  to  form  an  A1203  layer,  with  varying  thickness  about 
1  p,m  and  less.  The  aluminized  SS441  was  then  subjected  to  an 
ultrasonic  spray  of  YSZ  powders  and  fired  to  1000°C  1  h  to  pro¬ 
mote  densification  and  bonding  to  the  alumina  layer.  At  this  low 
sintering  temperature  the  YSZ  coated  layer  is  porous,  and  multi¬ 
ple  coating  runs  were  conducted  which  resulted  in  a  thicker  layer, 
about  10-15  p,m.  The  electrical  resistivity  of  dense  YSZ  at  800  °C  is 
~2.5  x  10-1  £2m,  so  the  resistance  contribution  from  YSZ  coating 
can  be  estimated  to  be  ~0.02  £2  using  an  area  of  5.16  cm2,  thick¬ 
ness  of  1 5  |jim,  and  40%  porosity.  The  contribution  from  the  alumina 
layer  cannot  be  accurately  estimated,  since  the  oxide  layer  also  con¬ 
tains  other  elements  (see  chemical  analysis  in  Section  3.4),  so  the 
resistivity  could  vary  substantially  from  ~103  to  ~106  £2  m.  Clearly, 
the  resistance  from  the  alumina  layer  could  not  be  ruled  out  as 
a  contributor  to  the  measured  values.  One  can  also  estimate  the 
activation  energy  for  conduction  using  an  Arrhenius  plot  of  the 
resistivity  at  300  h  to  be  1 84  kj  mol-1 ,  and  97  kj  mol-1  at  800  h.  The 
change  in  activation  energy  with  time  is  clearly  directly  related  to 
the  microstructure  development  as  well  as  compositional  change 
during  crystallization.  Nonetheless,  compared  to  the  active  SOFC 
components,  i.e.,  the  cell,  anode  and  cathode  contacts,  conductive 
coating  and  metallic  interconnect,  the  resistivity  of  the  compliant 
glass  is  much  greater  such  that  the  loss  of  electrochemical  perfor¬ 
mance  by  short-circuiting  through  the  sealing  glass  would  be  very 
minute. 

3.3.  Interfacial  microstructure  characterization  of  compliant  glass 
with  plain  SS44I  substrates 

The  microstructure  at  the  interface  and  within  the  glass  matrix 
of  the  compliant  glass  with  plain  SS441  substrate  after  electrical 
testing  at  800  °C  and  700  °C  for  ~500h  is  shown  in  Figs.  5  and  6, 
respectively.  Fig.  5A  shows  the  overall  view  of  the  glass  between 
the  two  plain  SS441  substrates,  and  Fig.  5B  is  a  high  magnification 
along  the  glass/metal  interface  of  the  800  °C  sample.  Fig.  6A  and  B 
shows  the  overall  view  and  glass/metal  interface,  respectively,  for 
the  700  °C  sample.  It  is  evident  that  the  compliant  glass  did  crys¬ 
tallize  to  some  extent,  with  more  extensive  precipitation  at  the 
lower  temperature.  At  800  °C  there  appears  to  be  a  single  type  of 
precipitates  of  gray  color,  while  at  700  °C  whitish  needle-like  par¬ 
ticles  are  also  present  within  the  glass  matrix.  Six  spots  along  the 
glass/metal  interface  and  within  the  glass  matrix  were  selected  for 
EDS  chemical  analysis,  and  the  results  are  listed  in  Tables  1  and  2  for 
800  °C  and  700  °C  samples,  corresponding  to  Figs.  5  and  6  B,  respec¬ 
tively.  For  the  800  °C  sample,  the  fracture  occurred  (likely  during 
the  ~500h  test  when  no  gas  bubbling  was  detected)  between  the 
thin  (~1  |jim)  gray  layer  (#1  underneath  the  whitish  band  #2  in 
Fig.  5B).  EDS  showed  a  substantial  amount  of  Si  present,  along  with 
low  content  of  Ti,  Cr,  and  Fe  from  the  metal  substrate.  No  other  ele¬ 
ments  from  the  compliant  glass  were  detected.  This  may  imply  this 
thin  layer  is  Si02  which  has  very  low  CTE  (whether  in  the  form  of 
crystalline  phase  or  amorphous)  and  contributed  very  high  residual 
stresses  leading  to  fracture.  The  whitish  band  (#2)  was  composed 
primarily  of  Cr  and  Si,  along  with  small  concentration  of  Fe,  Mn,  and 
Ti  from  the  metal  substrate.  The  color  contrast  within  this  ~5  p,m 
band,  which  is  not  uniform  but  composed  of  white  and  gray  phases, 
suggests  corrosion  behavior  of  compliant  glass  to  the  Cr  oxide  scale. 
The  lack  of  distinct  crystal  morphology  is  also  consistent  with  the 
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Fig.  5.  Microstructure  of  the  compliant  glass  with  plain  SS441  after  electrical  stabil¬ 
ity  test  at  800  °C  for  ~500  h.  (A)  Overall  view,  and  (B)  high  magnification  at  interface. 


fact  that,  according  to  phase  diagrams,  there  is  no  stable  compound 
between  Cr203  and  Si02.  Away  from  the  Si-Cr-containing  whitish 
band,  there  are  small  gray  precipitates  (#3  and  #5)  composed  pri¬ 
marily  of  the  glass  constituents  and  a  small  amount  of  some  of 
the  metal  elements.  Within  the  glassy  (featureless)  matrix  (#4  and 
#6),  a  slightly  higher  amount  of  Fe  was  also  detected  (Table  1 )  than 
was  detected  in  the  gray  precipitates.  Similar  diffusion  of  Fe  was 
also  identified  in  a  previous  study  of  G18  glass  (a  conventional 
glass-ceramic  type  sealing  glass  which  crystallizes  more  rapidly 
over  time)  with  a  ferritic  stainless  steel  (Crofer22APU).  The  appar¬ 
ent  resistivity  of  G18  also  showed  decreasing  behavior  over  a  short 
period  of  time  in  an  accelerated  test  at  830  °C,  where  the  G1 8  glass 
has  compliance  similar  to  the  SCN-1  glass  tested  in  this  study. 

Compared  to  the  800  °C  sample,  the  700  °C  sample  showed  much 
more  crystallization  with  large  needle-like  gray  precipitates  and 
smaller  white  precipitates.  The  white  precipitates  were  identi¬ 
fied  to  be  (Ba,Sr)-Si  oxide,  likely  (Ba,Sr)Si03,  a  stable  phase  often 
observed  in  alkaline-earth  silicate  sealing  glasses  [13,17,32].  Near 
the  glass/metal  interface,  the  Cr-oxide  scale  was  dense  (unlike 
800  °C  sample  in  Fig.  5B)  and  consisted  primarily  of  Cr  with  a  much 
smaller  content  of  Si  as  compared  to  the  800  °C  sample  (#1  in  Fig.  6B 
and  Table  2).  The  thin  and  dense  Cr-oxide  scale  was  able  to  with¬ 
stand  the  corrosion  of  the  compliant  glass  without  forming  the 
sponge-like  microstructure  and  glass  penetration  though  the  oxide 
scale.  This  is  likely  due  to  less  corrosive  nature  of  the  compliant 
glass  at  700  °C.  On  the  metal  side  (#2  and  #3),  near  the  inter¬ 
face,  no  trace  elements  of  the  glass  were  identified.  The  large  gray 
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Table  1 

Chemical  composition  (in  at%)  of  selected  spots  in  Fig.  5B  for  plain  SS441  at  800  °C. 
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Spot# 

O 

Na 

Mg 

Al 

Si 

K 

Ca 

Ti 

Cr 

Mn 

Fe 

Ba 

1 

67.09 

26.46 

0.35 

4.90 

1.20 

2 

65.41 

13.52 

0.84 

19.43 

0.51 

0.29 

3 

66.89 

0.63 

0.25 

1.55 

27.67 

1.92 

0.14 

0.14 

0.53 

0.29 

4 

64.84 

2.24 

0.61 

1.54 

24.90 

3.32 

0.86 

0.70 

1.00 

5 

65.83 

0.95 

0.31 

1.28 

28.26 

2.04 

0.37 

0.10 

0.38 

0.48 

6 

64.44 

2.43 

0.69 

1.25 

24.84 

3.17 

1.23 

0.15 

0.50 

1.31 

Table  2 

Chemical  composition  (in  at%)  of  selected  spots  in  Fig.  6B  for  plain  SS441  at  700  °C. 

Spot# 

O 

Na 

Mg 

Al 

Si 

K 

Ca 

Ti 

Cr 

Mn 

Fe 

Ni 

Nb 

Ba 

1 

62.07 

0.96 

0.31 

4.60 

0.43 

0.25 

0.52 

28.50 

1.98 

0.38 

2 

6.53 

0.65 

16.42 

75.99 

0.41 

3 

0.53 

17.67 

81.81 

4 

63.56 

2.78 

0.44 

1.34 

24.89 

3.88 

0.75 

0.22 

1.08 

1.07 

5 

62.41 

4.37 

0.30 

0.83 

22.59 

5.15 

4.10 

0.09 

0.15 

6 

63.99 

2.84 

0.66 

1.41 

24.92 

3.70 

0.72 

0.56 

1.20 

precipitate  (#5)  has  more  alkalis  than  the  glass  matrix  (#4  and  #6). 
KAlSi308  has  been  identified  as  one  of  the  two  crystalline  phases 
when  the  SCN-1  glass  was  isothermally  aged  for  long  period  of  time 
at  elevated  temperature  [35];  however,  the  concentration  from  EDS 
(Table  2)  does  not  correspond  to  this  crystalline  phase.  It  is  also 
interesting  to  note  that  Fe  was  detected  away  from  the  glass/metal 


Fig.  6.  Microstructure  of  the  compliant  glass  with  plain  SS441  after  electrical  stabil¬ 
ity  test  at  700  °C  for  ~500  h.  (A)  Overall  view,  and  (B)  high  magnification  at  interface. 


interface  and  at  higher  concentration  in  the  glassy  matrix  than  in 
the  gray  precipitates.  This  is  similar  to  800  °C  sample;  however,  no 
Cr  was  detected  within  this  region  (about  30-40  fjim  away  from 
glass/metal  interface). 

3.4.  Microstructure  and  interfacial  characterization  of  compliant 
glass  with  YSZ  and  Al203  coated  SS441  substrates 

The  interfacial  microstructure  of  the  compliant  glass  with  YSZ- 
coated  aluminized  SS441  substrate  after  electrical  testing  at  800  °C 
for  lOOOh  and  700  °C  for  850  h  is  shown  in  Figs.  7  and  8,  respec¬ 
tively.  Fig.  7 A  shows  the  overall  view  of  the  glass  between  the  two 
YSZ  coated  SS441  substrates,  and  Fig.  7B  is  a  high  magnification 
along  the  glass/metal  interface  for  the  800  °C  sample.  Fig.  8A  and 
B  shows  the  overall  view  and  glass/metal  interface,  respectively, 
for  the  700  °C.  Clearly,  the  compliant  glass  showed  similar  crys¬ 
tallization  with  gray  precipitates  evenly  distributed  through  the 
glass  matrix.  The  volume  fraction  of  the  precipitates  does  not  seem 
to  increase  distinctly  with  the  ageing  time  when  the  sample  was 
aged  for  ~1000h  (Fig.  7A)  as  compared  to  ~500h  for  plain  SS441 
(Fig.  5 A).  However,  the  fracture  occurred  differently  as  compared  to 
the  plain  SS441  substrate  in  that  the  fracture  was  primarily  though 
the  YSZ  coating,  rather  than  the  compliant  glass  itself  or  the  Cr- 
oxide  scale.  The  cause  for  the  fracture  is  likely  two-fold:  first,  the 
YSZ  coating  was  porous  and  hence  weak,  and  second,  the  ultra¬ 
sonic  sprayer  coating  was  conducted  three  times,  which  may  have 
resulted  in  some  defects  between  each  run.  Nonetheless,  the  com¬ 
pliant  glass  showed  very  good  bonding  to  the  YSZ  coating.  At  high 
magnification  of  the  glass/coating/metal  interface  region  (Fig.  7B), 
five  spots  were  selected  for  chemical  analysis  and  the  results  are 
listed  in  Table  3.  Spots  #1  and  #4  contain  primarily  Zr  and  Y,  indi¬ 
cating  the  YSZ  coating.  The  glass  constituents  are  also  detected 
within  this  white  coating,  indicating  some  penetration/diffusion  of 
the  compliant  glass  through  the  pores.  The  chemical  compatibility 
of  YSZ  coating  and  the  complaint  glass  appears  satisfactory  in  that 
very  low  concentration  of  Zr  was  detected  within  the  glass  matrix 
nearby  (spots  #2  and  #5),  as  well  as  the  lack  of  features  along  the 
glass/YSZ  coating  interfaces.  This  is  consistent  with  a  previous  study 
of  SCN-1  glass  with  dense  YSZ  electrolyte  in  dual  environment  at 
800  °C  for  1 000  h  where  no  YSZ  grains  were  found  dissolved  or  cor¬ 
roded  into  the  glass  matrix  [26].  For  the  dense  YSZ  electrolyte,  it  is 
not  surprising  that  no  reaction  occurred  along  the  glass/dense  YSZ 
electrolyte  interface  since  the  YSZ  electrolyte  was  typically  sintered 
at  1400-1450  °C.  As  a  result,  the  YSZ  grains  grew  from  initial  sub¬ 
micron  size  to  a  few  microns  and  formed  a  dense  microstructure 
with  less  surface  energy  for  sintering  and  reaction  at  low  (800  °C) 
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Table  3 

Chemical  composition  (in  at%)  of  selected  spots  in  Fig.  7B  for  YSZ-coated  aluminized  SS441  at  800  °C. 


Spot# 

O 

Na 

Mg 

Al 

Si 

K 

Ca 

Cr 

Mn 

Fe 

Y 

Zr 

Ba 

1 

71.73 

0.63 

0.92 

4.26 

0.94 

0.29 

3.22 

18.02 

2 

63.82 

2.52 

1.00 

23.89 

3.74 

0.96 

0.15 

2.20 

0.75 

0.96 

3 

62.48 

0.78 

8.89 

21.36 

5.36 

0.09 

0.55 

0.23 

0.27 

4 

70.19 

0.48 

3.97 

0.70 

3.87 

20.78 

5 

64.07 

1.99 

0.55 

1.45 

26.60 

3.38 

0.97 

0.16 

0.84 

temperature.  Contrary  to  the  dense  YSZ  electrolyte,  the  current 
coating  using  fine  YSZ  powders  was  only  heat  treated  at  1 000  °C  for 
1  h  without  substantial  grain  growth,  and  may  still  possess  surface 
energy.  The  minimal  reaction  observed  in  Fig.  7B  clearly  demon¬ 
strated  the  desired  chemical  compatibility  of  YSZ  with  SCN-1  glass, 
though  future  optimization  of  coating  thickness  and  microstruc¬ 
ture  would  be  needed.  The  compliant  glass  also  showed  penetration 
(likely  through  defects  in  the  coating)  under  the  YSZ  coating,  as 
shown  by  the  chemical  composition  of  spots  #2  and  #3,  which 
contain  an  appreciable  amount  of  the  glass. 

For  the  sample  tested  at  700  °C  (Fig.  8),  similar  fracture  through 
the  YSZ  porous  coating  was  observed  (Fig.  8A).  There  are  two 
types  of  precipitates,  gray  and  white  needles,  similar  to  the  plain 
SS441  sample  (Fig.  6A).  The  precipitates  appear  to  be  uniformly 
distributed,  suggesting  that  the  crystal  nucleation  and  growth  is 
volume  controlled,  rather  than  a  surface  dominated  mechanism. 
EDS  analysis  of  selected  spots  (#l-#4  Fig.  8B)  is  listed  in  Table  4. 


Within  the  porous  YSZ  coating,  elements  from  the  compliant  glass 
were  also  detected  (spot  #1  Table  4).  At  the  glass/YSZ  interface, 
there  is  a  thin  gray  layer  and  some  whitish  needles.  The  thin  gray 
layer  is  composed  primarily  of  the  glass  constituents  with  a  very 
small  amount  of  Zr  (spot  #2).  Away  from  the  interface  (spots  #3 
and  #4)  the  thick  YSZ  porous  coating  was  able  to  block  Cr  diffusion 
into  the  glass  matrix,  as  no  Cr  was  detected. 

3.5.  Issues  of  alkalis  in  silicate  sealing  glass 

It  is  known  that  for  glasses  containing  significant  concentrations 
of  alkali  oxides,  particularly  sodium,  electrical  current  is  carried 
almost  entirely  by  alkali  ions.  The  mobility  of  these  ions  is  much 
larger  than  that  of  the  network  forming  ions  at  all  temperatures. 
This  is  true  for  simple  binary  and  ternary  glass  systems.  In  this 
study,  the  SCN-1  compliant  glass  contains  about  7mol%  Na20, 
10  mol%  K2O,  and  six  other  elements  in  addition  to  Si.  The  complex 


Fig.  7.  Microstructure  of  the  compliant  glass  with  YSZ  coated  aluminized  SS441 
after  electrical  stability  test  at  800 °C  for  ~1000h.  (A)  Overall  view,  and  (B)  high 
magnification  at  interface. 


Fig.  8.  Microstructure  of  the  compliant  glass  with  YSZ  coated  aluminized  SS441 
after  electrical  stability  test  at  700  °C  for  ~850h.  (A)  Overall  view,  and  (B)  high 
magnification  at  interface. 
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Table  4 

Chemical  composition  (in  at%)  of  selected  spots  in  Fig.  8B  for  YSZ-coated  aluminized  SS441  at  700  °C. 
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Spot# 

O 

Na 

Mg 

Al 

Si 

I< 

Ca 

Fe 

Zr 

Ba 

Ce 

1 

65.96 

1.06 

1.05 

5.27 

0.59 

5.93 

0.45 

17.15 

2.55 

2 

60.64 

8.12 

0.34 

0.94 

19.59 

3.07 

4.16 

0.14 

1.75 

0.94 

0.33 

3 

60.62 

7.04 

0.85 

1.60 

21.54 

5.51 

1.24 

1.59 

4 

60.63 

5.46 

0.32 

23.14 

5.46 

4.82 

0.17 

20^m  '  Electron  Image  1 
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Fig.  9.  Elemental  mapping  of  alkalis  near  the  glass/plain  SS441  interface  after  800  °C 
for  500  h  electrical  stability  test.  (A)  SEM  of  the  microstructure,  (B)  I<  mapping,  and 
(C)  Na  mapping. 


composition  and  the  tendency  of  the  constituents  to  crystallize 
and  potentially  interact  with  each  other  make  the  identification  of 
charge  carriers  extremely  difficult.  Nonetheless,  alkalis  are  often 
added  in  glass-making  to  lower  the  melting  temperatures,  and 
under  an  applied  electrical  field  mobiles  ions  tend  to  move  toward 
the  electrode,  so-called  electrode  polarization.  It  is  possible  alkalis 
may  accumulate  near  the  electrode  (in  this  case  one  of  the  SS441 
substrates),  resulting  in  a  different  composition  from  the  bulk  of 
glass  matrix.  The  localized  higher  concentration  of  alkalis  could 
reduce  the  glass  viscosity,  and  hence  may  lead  to  enhanced  corro¬ 
sion  along  the  interfaces.  Elemental  mapping  of  Na  and  I<  along  the 
glass/metal  interfaces  was  therefore  conducted  on  800  °C  tested 
samples  where  ions  would  have  the  highest  mobility.  The  results 
shown  in  Fig.  9  indicate  that  no  abnormal  accumulation  along  the 
glass/metal  interfaces  was  found  for  I<  and  Na. 

4.  Summary  and  conclusions 

A  novel  alkali-containing  compliant  silicate  sealing  glass  for 
SOFC  applications  was  evaluated  in  terms  of  electrical  stability  in 
dual  environment.  The  glass  was  tested  with  both  as-received  and 
YSZ  coated  SS441  under  DC  loading.  Results  of  apparent  resistiv¬ 
ity  tests  showed  both  stable  behaviors  with  increasing  resistance 
over  time  for  the  YSZ  coated  substrates.  Unstable  behavior  was 
observed  for  the  plain  SS441  and  was  attributed  to  diffusion  of 
elements  from  the  SS441  substrate  and  microstructure  evolution. 
Microstructure  analysis  showed  fracture  within  the  current  YSZ 
coating;  however,  the  coating  was  chemically  compatible  with  the 
alkali-containing  sealing  glass.  Elemental  mapping  also  confirmed 
no  segregation  of  alkalis  along  the  glass/metal  interfaces.  Overall, 
the  alkali-containing  silicate  glass  was  electrically  stable  against 
YSZ-coated  SS441  substrates  for  SOFC  applications. 
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